The purpose of this study is to highlight the influence of particle shape in a soil-water mixtures. Until now, all 
INTRODUCTION
In addition to particle size, particle shape has a significant impact on the performance and process handling of the particulate materials. It has been shown in the early 20th century that particle shape has an influence on geotechnical properties. Even if this is known, there has been only minor progress in explaining the processes behind its performance and it has been only partly implemented in practical geotechnical analysis.
Effects on soil behavior from the constituent grain shape has been suggested since the early 1900s when Wadell (1932) , Riley (1941) , Pentland (1927) , and other researchers developed their own techniques to define the form and roundness of particles. Several research works conclude that particle shape influences the technical properties of soil material and unbound aggregates (Santamarina and Cho, 2004; Mora and Kwan, 2000) . The research explains that some properties affected by the particle shape are, e.g., void ratio (porosity), internal friction angle, and hydraulic conductivity (permeability) (Rousé et al., 2008; Shinohara et al., 2000; Witt and Brauns, 1983) . In geotechnical guidelines, particle shape is incorporated into soil classification (Eurocode 7) and in national guidelines, e.g., for evaluation of friction angle (Skredkommisionen, 1995) . This classification is based on ocular inspection and quantitative judgments made by the individual practicing engineers, which can result in unrepeatable data. Not being able to objectively describe the shape hinders the development of incorporating the effect of particle shape in geotechnical analysis.
To define the particle form (morphology), in order to classify and compare grains, many measures have been taken into consideration (axis lengths, perimeter, surface area, volume, etc.). Furthermore, corners also could be angular or rounded (roundness), which the authors also focus on, developing techniques to describe them. Additionally, corners can be rough or smooth (surface tex-ture). Some authors (Mitchell and Soga, 2005; Arasan et al., 2010) are currently using these three subquantities, each one describing the shape but a different scale (form, roundness, surface texture).
During the historical development of shape descriptors, the terminology has been used differently among the published studies, so terms such as roundness (because the roundness could be applied in the different scales) or sphericity (how the particle approaches the shape of a sphere) were strong (Wadell, 1933; Wentworth, 1933; Teller, 1976; Barrett 1980; Hawkins, 1993) . It was necessary in order to define a common language regarding the particle shape field. Unfortunately, today there still is no agreement on the use of this terminology, which sometimes makes it difficult to understand the meaning of the authors, which is why it is better to comprehend the authors' technique in order to correctly interpret the implications of their terminology.
Several attempts have been made to introduce a methodology to measure particle shape over the years. Manual measurement of the particle form is overwhelming; thus visual charts were developed early to diminish the measuring time (Krumbein, 1941; Krumbein and Sloss, 1963; Aschenbrenner, 1956; Pye and Pye, 1943) . Sieving was introduced to determine the flakiness/elongation index, but it is confined to only a certain particle size due to practical considerations (Persson, 1988) . More recently, image analysis on a computer basis has been applied to sieving research (Andersson, 2010; Mora and Kwan, 2000; Persson, 1998) , bringing to the industry new practical methods of determining particle size with good results (Andersson, 2010) . Assessment of particle shape by computer-assisted methods is of great help, dramatically reducing measuring times (Fernlund, 2005; Kuo and Freeman, 1998; Bowman et al., 2001) .
In many research studies, rather than spheres different particle shapes were proposed to be used in unsaturated soil calculations in order to improve the numerical simulation. Polygon particles were presented by Barbosa and Ghaboussi (1992) and Matuttis et al. (2000) . A more realistic representation of the particle behavior can be achieved by using polygon-shaped particles; however, the method is computationally intensive. Ting et al. (1993) realized that ellipse-shaped particles have fewer tendencies to rotate and also have a unique outward normal. They developed a numerical algorithm for the discrete element model (DEM) using two-dimensional ellipse-shaped particles. The results of the validation tests indicated that the ellipse-based DEM resulted in mechanical behavior that was similar to that of soil in reality. Of course, they did not consider any effects of water content between contacting particles in their analysis. Ellipse-shaped particles, however, do not accurately represent particle shape. Ting et al. (1995) studied the influence of the contact of two-dimensional ellipse-based particles on their interaction surrender of water. The samples were isotropically compressed and then sheared in biaxial compression. In order to assess the relative importance of rolling and sliding, the contact deformation was separated into portions: (i) those due to individual particle rotation and (ii) due to particle translation. This decomposition demonstrated that particle rotation accounts for twice as much contact motion for round particles as particle translation. Lin and Ng (1997) developed a new 3D-ellipsoid particle of dried soil based on DEM code which called ELLIPSE3D. A numerical study on the mechanical behavior of monosized particle arrays using the developed ELLIPSE3D program was performed. During the triaxial test, higher shear strength, larger initial modulus, more dilation, and less particle rotation were observed with the ellipsoid assembly. The results demonstrated that using nonspherical particles in discrete element modeling is essential to improve the simulations of granular materials.
A modified cement particle size distribution function is used to facilitate particle size distribution of dodecahedral particles by . Based on a random sequential algorithm, the microstructure model of fresh cement paste is simulated by the random sequential packing of dodecahedral particles with various sizes. Applying stereological tools and a serial sectioning analysis technique, the simulated microstructure composed of multisized dodecahedral cement particles is characterized and compared with that of ellipsoidal cement particles developed by the preliminary work to evaluate the influence of cement particle shape on the microstructure of fresh cement paste. Xu et al. (2014a) also develop a theoretical scheme for the overlapping degree of interface layers around polydisperse ellipsoidal particles in particulate composites. Based on a mesostructure model of concrete, the wall effect of concrete is quantified by configuration parameters such as the volume fraction, the specific surface area, and the mean free spacing of the solid phase. In addition, the influences of ellipsoidal particle size distribution, shape, and volume fraction of ellipsoidal aggregates on the configuration parameters are evaluated with stereological methods proposed by and the serial section analysis technique. An approximate analytical model for the volume fraction of soft interface layers is proposed by Xu et al. (2014b) on the basis of a theory of the nearest-surface distribution functions and geometric characteristics of polydisperse ellipsoidal particle systems. A theoretical model that adopts a threephase composite ellipsoid structure of a generalized selfconsistent scheme is presented to further predict the effective transport properties of particulate composites containing such soft interface layers. Liu et al. (2014) investigate the influence of aggregate shape on the diffusivity of mortar in three dimensions by random packing models of ellipsoidal and convex polyhedral particles. From a digital mesostructure and by a lattice approach, the diffusivity of mortar can be predicted. Simulations are compared with experimental results from the literature and are discussed for monosized and multisized particle packing, with and without interfacial transition zones. A numerical scheme is proposed by to obtain the overestimation degree of the interface thickness around ellipsoidal grains. On the basis of the quantitative stereology and geometrical probability, the valid statistical mean apparent interface thickness and overestimation degree are theoretically analyzed. Finally, the effects of the geometrical characteristics of ellipsoidal grains and the preconfigured thickness on the overestimation degree and valid apparent interface thickness are investigated by the developed numerical model in a quantitative manner.
The objective of the current research is to introduce a numerical simulation model to predict approximate values of the matric suction inside unsaturated soils that have ellipsoidal particles. In this paper, two packing methods of ellipsoidal particles are studied, considering the water content variation on the matric suction and interparticle stress as functions of meniscus radii for soil particles under the pore water regime. The proposed model can be used to predict the relationship between the water content and matric suction of a studied soil to construct the soilwater characteristic curve.
This model can be used as a simple quick indicator of how much (i.e., in which range) the matric suction will be inside an investigated soil with ellipsoidal particle assumption; however, the model has also proved to be effective for sand that has a somewhat uniform grain-size distribution. Moreover, applying the proposed model taking into account the effect of unequally sized grain particles has given more accurate results than those obtained using only one particle size, when compared to the results available in the literature.
IDEALIZED GRAIN GEOMETRIES
A series of mathematical equations is adopted to introduce a simple constitutive relationship between matric suction and water content, so the effects of the amount of water distributed at the contact points between the spheres are investigated. In the proposed models, matric suction can be evaluated as a function of the water content accumulated between the soil particles. The analysis of water content, pore pressure, and capillary stress in unsaturated soil is greatly simplified by assuming that the grains are perfectly spherical and arranged according to some idealized packing geometry. Some studies have proposed similar models, but most of them have considered only the equal-sized particle to be the case (Likos and Lu, 2002; Tateyama and Fukui, 2000) . Also, the effect of considering unequally sized spheres in the calculation of the matric suction and the water content was investigated by Farouk et al. (2004) . Figure 1 illustrates such geometries for monosized spheres coordinated under the simple cubic packing order (SC). In the following theoretical development, the SC packing geometries are considered to represent one endmember scenario in granular soil fabric. It is presumed that the variation range of the water retention and capillary stress behavior of the real granular soil occurs similar to this idealized assumption.
SPHERICAL PARTICLES

Geometric Relations of Spherical Particles
Since making use of geometric relations is the most significant method for getting the exact value of forces between soil particles, extracting these relations with suit-
FIG. 1: Spherical particle in contact with water meniscus
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As in Fig. 1 , two spheres with radius R are in contact. Meniscus water collects at the particle contact, forming an annular ring with double curvature represented by radii r 1 and r 2 . So in this form, the radius of R makes the angle θ with the vertical direction and also, the external radius of the meniscus will have the angle ϕ with the horizon. The assumptions are made using spherical geometry. First, the surface of the solid particles is smooth. Second, the effect of gravity on the geometry of the meniscus is ignored. Also, this model is limited to the pendular stage of the degree of saturation.
In the first step, the geometry relations between the existing value must be determined for further use. In principle, the value of. x can be written as
Again, with attention to the radii of the meniscus in Fig. 1 , the exact value of x can be obtained in the following form:
Thus the value of length y will be obtained by Eq. (3) as
According to Fig. 1 , the value of y can be rewritten as follows:
Replacing for x from Eqs. (1) and (2) in one equation results in
Also, by setting Eqs. (3) and (4) equal we come to Eq. (6) as follows:
To form the circle equation using Eqs. (5) and (6), it can be written using the relation below that the angle ϕ is the only passive variable:
Now, by solving the above equation with respect to angle ϕ, the value of sin ϕ will be found, according to Eq. (8):
so the x value can be obtained by substituting the above equation into Eq. (2).
Capillary Force Between Spherical Particles
Suction stress refers to the net interparticle force generated within a matrix of unsaturated granular particles (e.g., silt or sand) due to the combined effects of negative pore water pressure and surface tension. The macroscopic consequence of suction stress is a force that tends to pull the soil grains toward one another, similar in effect and sign convention to an overburden stress or surcharge loading. One approach to evaluating the magnitude of suction stress is to consider the microscale forces acting between idealized assemblies of spherical unsaturated soil particles. For example, the effective forces on a two-particle system are shown in Fig. 2 . For monosized particles, it was established in the previous section that the water meniscus formed between them may be described by two radii r 1 and r 2 , the particle radius R, and a filling angle θ. A free-body diagram of the relevant system forces, which involves the contribution from air pressure P a , pore water pressure P w , surface tension T s , and applied external force or overburden F e , is shown in Fig. 2 . Positive, isotropic air pressure P a will
FIG. 2:
Free-body diagram for the geometry of the interparticle water meniscus exert a compressive force on the soil skeleton. The total force due to the air pressure F a is equal to the product of the air pressure and the area of the air-solid interface over which it acts:
In the midplane between the particles, the force due to surface tension along the air-water interface is vertical. The total force due to surface tension is equal to the product of the meniscus perimeter and the surface tension of water T s , which can be written as
The projection of total force due to water pressure P w acting on the water-solid interface in the vertical direction is
The resultant capillary force between the particles is the sum of all the above three forces:
In the water meniscus formed between two spherical particles, the matric suction P a − P w may be described using the spherical radii r 1 and r 2 and the surface tension T s as
Substitution of the surface tension value from the above equation into Eq. (12) results in
Due to the above-described interparticle forces, the effective stress can be evaluated in real form by considering the area over which they act. At any rate, two possible areas for analysis are the imaged area over one spherical soil grain, or πR 2 , and a unit area for simple cubic packing orders, or 4R 2 . Considering Eq. (14), the stress contribution due to the capillary interparticle force over the area 4R 2 is
Simplifying the above expression and assuming π ≈ 4, the value of effective stress due to the matric suction can be written as follows:
Also, the value of x has been already obtained. Of course, a simplified equation like the above was found by Bishop for the first time in 1959, which has been used for estimating the effective stress in unsaturated soils until now. But the formula attained here is a more complete form for calculating the effective stress. Thus, with a few changes, in the following study we can use this equation for ellipsoidal particles.
ELLIPSOIDAL PARTICLES
Geometric Relations of Ellipsoidal Particles in Vertical Packing
Previous studies on the effects of transition between spherical and flat particles do not exist. In this study, ellipsoidal particles are studied and compared with spherical ones. As shown in Fig. 3 , two equal sizes of elliptic grains are in contact. Unlike the spherical particles, there are two particle radii, R 1 as a major radius and R 2 as a minor radius of the particles. The spatial shape of the particle is generated by the rotation of the elliptical cross section around the vertical (or minor) axis. The water meniscus is bounded by two particles and by the air-water interface, with radius r 1 as the radius of air bubbles and radius r 2 as the radius around the point of contact. A contact angle can be specified where the air-water interface is in contact with each of the soil grains. The same assumptions are made as in the sphere and platy particles. The complete derivation of matric suction is not simple and the calculation procedure is iterative. According to Fig. 3 , the following equation can be derived from the geometry of the ellipsoidal particles:
where x = r sin θ and y = r cos θ. Also, a relation exists between the x and y value:
Setting the value of y from Eq. (18) in elliptical Eq. (17), the value of x obtains
Therefore, with some attention to the radii of the meniscus in contact with the ellipsoidal particles (see Fig. 3 ), it can be seen what the exact value of x is like to Eq. (2). Similarly, the value of y is established from Fig. 3 :
Using Eqs. (2) and (20), it can be written in Eq. (21) that both x and y are passive variables:
Then, after replacing y with Eq. (18), it will be written in the following form with respect to the variable x:
Using Eq. (19) for value x and several steps of mathematical operations, Eq. (23) is obtained:
Assuming B = tan θ, the above equation is rewritten as Eq. (24), in which the degree is 6 with respect to B:
where
It is emphasized that the above polynomial relation is a third-order equation that is rearranged by B 2 . Solving this equation gives six answers for B, three of which are negative. The negative values of B = tan θ return exactly the same answers for θ angle θ, which are repetitive. It is considered that all the three other positive values are not the answer, because the θ angle has a limitation between 0 and 90 degrees. Hence the wrong values of B can be omitted from out of the θ range. Therefore the unique answer could be achieved from solving the above equation for the studied cases.
Capillary Force Between Ellipsoidal Particles in Vertical Packing
According to Fig. 4 , for monosized ellipsoidal particles it was established in the previous section that the water meniscus formed between them may be described by two radii r 1 and r 2 , and there are two particle radii, R 1 as a major radius and R 2 as a minor radius of the particles, with a filling angle θ. A free-body diagram of the relevant system forces, which involves the contribution from air pressure P a , pore water pressure P w , surface tension T s , and applied external force or overburden F e , is shown in
FIG. 4:
Free-body diagram for geometry of ellipsoidal particles in vertical packing with water meniscus Fig. 4 . The pore air pressure F a is upward, resulting in a force on the air-solid interface equal to
The total force due to the surface tension is equal to the product of the meniscus circumference and the surface tension of the water T s , which can be written as Eq. (10) in the previous section. The total force due to water pressure P w acting on the water-solid interface in the vertical direction is the same equation as Eq. (11). The resultant capillary force between the particles is the sum of all the above three forces:
Of course, it was known that the surface tension within the water meniscus formed between two ellipsoidal particles may be described by Eq. (13). Substituting the surface tension from Eq. (13) into Eq. (26) results in
Effective stress due to the balance of the interposition forces described above can be evaluated by the dominant area in which they act. Considering Eq. (27), the stress contribution due to the capillary interparticle force over the area 4R 1 R 2 is
Simplifying the above expression and with the assumption of π ≈ 4, the value of the effective stress due to matric suction can be written as follows:
Also, the value of x has been already obtained. Thus the above equation can be used for calculation of effective stress in unsaturated soils between ellipsoidal particles in vertical packing.
Geometric Relations of Ellipsoidal Particles in Horizontal Packing
According to Fig. 5 , two equal sizes of ellipsoidal particles are in contact in horizontal packing. The shape of the
FIG. 5:
Ellipsoidal particles in horizontal packing in contact with water meniscus particle is generated by rotating the elliptical cross section around the horizontal (or major) axis. The water meniscus is bounded by two particles and by the air-water interface, with radius r 1 as the radius of air bubbles and radius r 2 as the radius around the point of contact. The same assumptions are made as in ellipsoidal particles in vertical packing.
Regarding Fig. 5 , Eq. (17) can be derived from the geometry of the particles, and for the value of x, the following relation is established:
Attending to the radii of the meniscus, the exact value of y can be obtained in the following form:
Now the following equation can be written using Eqs. (30) and (31) in which the values of x and y are passive:
Then, replacing y with Eq. (18), the following equation is written:
Using Eq. (30) for the value x and by assuming B = tan θ, Eq. (34) is obtained: where
Finally, from solving the above equation with respect to B, by omitting the wrong values, the other variables such as x and y are obtained.
Capillary Force Between Ellipsoidal Particles in Horizontal Packing
A free-body diagram of the relevant system forces, which involves the contribution from air pressure P a , pore water pressure P w , surface tension T s , and applied external force or overburden F e , is shown in Fig. 6 . The total force due to air pressure F a is equal to the product of the magnitude of the air pressure and can be written
The total force due to the surface tension F t is achieved from Eq. (10), and the total force due to water pressure
FIG. 6:
Free-body diagrams for the geometry of the ellipsoidal particles in horizontal packing with water meniscus F w is the same equation as Eq. (11). The resultant capillary force between the particles is the sum of the abovementioned three forces:
Using Eq. (13) to set the surface tension results in
We assume that the increase in interparticle force can be expressed as an averaged increase of stress over a square region of an area 4R 2 2 ; thus the stress increase can be written as
Simplifying the above expression and assuming π ≈ 4, the value of effective stress due to matric suction can be written
Also, the value of y has been already obtained. Thus the above equation can be used for calculation of effective stress in unsaturated soils between ellipsoidal particles in horizontal packing.
VOLUME OF WATER CONTENT BETWEEN ELLIPSOIDAL PARTICLES
A series of mathematical equations are adopted to introduce a simple constitutive relationship between matric suction and water content. Moreover, the effect of water content distributed at the contact points between the grains is investigated. In the proposed model in this paper, the matric suction can be evaluated as a function of the water content accumulated between the soil particles. Some studies have proposed similar models, but most of them have considered only the equal-sized spherical particle to be the case, e.g., Likos and Lu (2002), and Tateyama (2000) . Therefore the effect of applying the equal-sized elliptic grains in the calculation of the matric suction and the water content is investigated in this study. Table 1 summarizes the possible theoretical packing of identical particles shown in Fig. 7 , where n and e are the porosity and the void ratio of the packing, respectively, while n c denotes the number of contact points for each particle. Of course, these contacts may divide to n c1 . and n c2 , which state the number of vertical and horizontal packing contacts, respectively, between ellipsoidal particles. Determining the ratio of V l /V s for each packing pattern of ellipsoidal particles, the percentage water content w(%) accumulated around one particle at all points of contact can be expressed as
where V l is the volume of water meniscus around a soil grain and V s is the volume of the solid part of it. Also, n c is the number of contact points of each particle, which depends on the packing pattern of the ellipsoidal particles, and G s is the specific gravity of the soil particles. In addition, the volumetric water content θ w can be evaluated as
In the simulation, the input data are the radii R 1 , R 2 , the specific gravity of soil G s , the surface tension of the air-water interface T s (mN/m), the angle of water retention θ (degree), the number of points of contact between particles n c , and finally, the void ratio e. It can be seen that all these inputs can be measured in the laboratory, so the implementation of the model is as simple as possible. At this point, it should be clarified that the foregoing equations can be applied easily in the case of soils that contain a uniform, homogeneous particle size.
FIG. 7: Theoretical packing of identical ellipsoidal particles
Numerical Simulation
In this section, a simple numerical simulation is devoted mainly to checking the reliability of the proposed model, so it is important to show the performance of the model with two different parameters that have no clear link. Between the matric suction and the water content there is no direct relation, but they are numerically calculated using the above process separately. Then it was possible to introduce the graphical illustration of this relationship with the soil-water characteristic curve (i.e., SWCC). Thus the effect of a packing pattern of the ellipsoidal particles with different soil porosities is investigated using the SWCC.
To calculate the water content and the corresponding matric suction, some input data are needed, such as T s = 73 × 10 −6 kN/m and G s = 2.65, while the suggested radii of the particle are R 1 = 75 × 10 −6 m and δ = R 1 /R 2 = 2, which is the common range of silt grains. Figure 8 shows the SWCC calculated for five different numbers of points of contact n c . It can be clearly seen from Fig. 8 that the matric suction calculated by any theoretical packing is reduced against the increase of volumetric water content. In fact, this behavior is similar to that known for real soils. As expected, with the same water content, the smaller number of contacts between particles has the lower matric suction. However, it is well known that the matric suction can develop only in the presence of both water and air on their interface surface.
Ellipsoidal Particles in Vertical Packing
The water content of the studied model can be calculated as the ratio between the weight of the water accumulated at the points of contact of any ellipsoidal particle and the weight itself. Figure 9 shows that the volume of the water meniscus V l surrounded between two particles can be calculated from the rotation of three areas, A 1 , A 2 , and A 3 . Then the total volume of the water is expressed as follows: 
According to Fig. 9 , to calculate the volume V 2 , the area of the sector with the angle 2ϕ (A 2 ) and the centroidal distance of the sector (d 2 ) must be calculated. The centroidal distance is calculated considering the area moment of the sector and the ratio of the area moment to area of the sector. Then the volume can be calculated by rotating the area of the sector as in the following equation:
The volume of the triangle V 3 can also be calculated from the rotation of the area of the triangle A 3 , as in Eq. (45). Again, the centroidal distance d 3 can be calculated considering the area moment of the triangle.
Finally, the volume of water bounded by the particles and the air-water interface can be calculated with Eq. (42).
Ellipsoidal Particles in Horizontal Packing
So far, the matric suction, effective stress, and volume of water were derived based on the vertical packing of particles. Matric suction, equivalent effective stress, and volume of water also can be derived based on the horizontal packing of ellipsoidal particles as in Fig. 10 . For the calculation of the volumetric water content, the same procedure will be used as in the vertical case. However, unlike the vertical case, the integration of area involves an elliptical integral. Three volumes can be calculated, V 1 , V 2 , and V 3 , as follows: 
VERIFICATION OF ELLIPSOIDAL PARTICLES: MODEL AND DISCUSSION
In order to compare with the spherical particles, the values of matric suction and equivalent effective stress calculated from the ellipsoidal particles are tabulated in Table 2 . Letting δ = R 1 /R 2 , then Table 1 can be rewritten. The matric suction and effective stress calculated in Table 2 were based on particle size, R 1 = 75 × 10 −6 m, T s = 73 × 10 −6 kN/m, and r 1 = 10 −8 m. As in the above table, at δ = 1, which is similar to a spherical particle (R 1 /R 2 = 1), the matric suction and effective stress are the same for the spherical particle. As δ becomes larger, which means that the particle becomes flatter, the suction and effective stress increase. So, at δ = 4(R 1 /R 2 = 4), suction was close to the suction value of a flat particle. The vertical effective stress of the ellipsoidal particle at δ = 4 is much smaller than the value of it in horizontal packing. This is because of the difference in geometry of the two-particle model. The horizontal effective stress is larger than the vertical effective stress, since the horizontal area (A = 4R 2 2 ) is smaller than the vertical area (A = 4R 1 R 2 ). However, the interparticle vertical force induced by the surface tension was much larger than that of the horizontal. If there is any repulsive force on the edge of the particle, the interparticle force in the horizontal direction will be reduced and hence the horizontal effective stress will be smaller than the calculated value. From the results in Table 2 , the ellipsoidal particle model is capable of predicting the suction and effective stress for the range of particle shape from a sphere to a flat particle. This elliptical model will be used to study the effect of surface tension on suction and interparticle forces with different particle packings and sizes. Tables 3 and 4 show the change of surface tension due to different concentrations of pore water chemistry. It is a known fact that the surface tension goes up with increas- ing concentration of inorganic salts. On the other hand, the surface tension decreases with an increase in organic salt concentration. Figure 11 shows the increase or decrease of the matric suction due to the change of surface tension on a 5-μm particle size. For ellipsoidal particles, this value will be the larger radius R 1 . In all cases, the suction increases with increasing surface tension and particle flatness. On the other hand, the decrease in surface tension due to the presence of organic chemicals in the water resulted in a decrease in the matric suction. The effect of the surface tension on the equivalent effective stress is shown in Fig. 12 . The effective stress also shows similar trends with change in the surface tension of the water.
VARIATION OF VOLUME WATER CONTENT VERSUS FILLING ANGLE
The filling angle θ, designated herein as the "water content index angle," connects the center of either soil particle to the center of the circle defined by r 1 . Increasing or decreasing the filling angle allows us to describe changes in the size of the water meniscus with increasing or decreasing saturation. As shown in Fig. 13 , a "filling angle" can be introduced to describe changes in the size, geometry, and volume of the water meniscus. Specifically, the filling angle describes the angle between vectors from the axes of rotation of R 1 and R 2 . The volume of the water meniscus between the particles is equal to zero when the filling angle equals zero and increases as it increases. Figure 13 illustrates the dependency of the normalized meniscus volume on the filling angle. At a filling angle of • , the volume of the water meniscus is about 7.7% of the spherical particle volume; for the ellipsoidal particle in vertical packing it is a little smaller, about 17.2% of an ellipsoidal particle volume; but for the ellipsoidal particle in horizontal packing it is much more than the others, reaching about 33.5%.
The volume of water can be calculated considering the geometry of the meniscus. This volumetric water content can also be used to calculate the gravimetric water content as well. Cho and Santamarina (2001) showed the derivation of the water content as a function of r 2 /R for spherical particles. But according to Eqs. (42)- (46), in ellipsoidal particles the values of r 1 and r 2 affect the volume of the meniscus. Thus the values of water content with respect to variations of r 2 /r 1 are shown in Fig. 14. As illustrated in Fig. 14, the volume of water content between the ellipsoidal particles changes by variation of the values of meniscus radii: an increase in r 2 /r 1 causes increases in vertical packing, decreases in horizontal packing, and reaches together at one point. Also, it can be inferred from this figure that in small values of r 1 , the water content can maneuver in an expanded value range.
CAPILLARY FORCE CHARACTERISTIC CURVE
Finally, a comparison of the capillary force characteristic curves for the particle size ratios can be seen in Fig. 15 . The force measured here is the force required to separate the particles that are initially in contact. In general,
FIG. 14:
Variations of volumetric water content versus the ratio of r 2 /r 1
FIG. 15:
Variations of equivalent water stress with the different particle sizes the force as a function of particle separation can be determined, but one must account for the viscosity of the liquid (Matthewson, 1988) and contact angle hysteresis (Pepin et al., 2000; Rossetti et al., 2003) . The results shown in Fig. 15 indicate that the value of both curves reaches together at the end (spherical particle). Of course, by increasing the radii R 2 /R 1 , the equivalent water stress in ellipsoidal particles in vertical packing decreases and increases gradually for ellipsoidal particles in horizontal packing.
Through Eqs. (29) and (39) and as illustrated in Fig. 15 , it can be inferred that the suction stress is dependent on the particle size R 1 , R 2 and the water content but not directly on the matric suction. In general, changing the value of the matric suction has indirectly contributed to effective stress. This expression shows that the matric suction is a function of the particle size and the ratio r 2 /r 1 , and it can be used to estimate the values of suction corresponding to different particle sizes and the ratio r 2 /r 1 . Figure 16 shows a plot of the effective stress against the matric suction for different sizes of particles R 1 with surface tension T s = 71.79 × 10 −6 kN/m. Figure 16 shows that in a constant value of the matric suction, the equivalent water stress increases directly with the radius of the particle R 1 . In general, the presence of water in the ring-shaped meniscus at the particle contact increases the interparticle normal force, which can be determined by considering the equilibrium of the particles. Hence by increasing the water content, the matric suction in any state decreases, but the value of equivalent water stress increases without consideration of the sign.
CONCLUDING REMARKS
One of the main problems in unsaturated granular soil is how variation of the water meniscus content affects its mechanical properties. So with the correct assumption of the soil particle's shape, the error percentage of the accommodation of soil modeling with reality would be small. Knowing that real soil particles are often non-
FIG. 16:
Relationship between the equivalent water stress and matric suctiong spherical and nonuniform in size, the ellipsoid shape is assumed for solid particles in two dimensions. Hence in this study two different packing methods of ellipsoidal particles were considered, and the changes of the meniscus geometry were evaluated with regard to matric suction, interparticle stress, and water content volume as functions of meniscus radii for soil particles. Three types of results can be achieved from the applied modeling. The first is the study of matric suction variation with different particle shapes versus the volumetric water content for several surface tension values, which are used in determining the effective stress in unsaturated soil (Figs. 11  and 12 ). The second result is the variation of volume water content versus filling angle, which shows the changes of water content with the value of water meniscus between the soil particles. It is also considered that by using the ellipsoidal particles, a greater volume of water could be accumulated than the spherical assumption of the soil particles (Fig. 13 ). This analysis also provides a theoretical basis for describing the quality of volumetric water content versus filling angle and the ratio of r 2 /r 1 in unsaturated soil behavior. Furthermore, the variation of the matric suction with different particle shape and surface tension was shown, and the values of equivalent water stress with changing particle size and matric suction were achieved. A series of rigorous analytical equations was developed to describe the total volume of menisci between the contact points of ellipsoidal soil grains. And the third conclusion is the comparison of the capillary force characteristic curves for the particle size ratios shown in Fig. 15 , which is used for estimating the equivalent water stress between particles of unsaturated soil. The matric suction characteristic curve models the soil-water behavior similar to real unsaturated soils using the ellipsoidal particles. However interpretations of the presented work will be applied to the macroscale level of unsaturated soil behavior, it is limited to the microscale level. Thus use of this new assumption in modeling solid particles will develop the extent of results gained in estimating unsaturated soil conditions, and hence the ability of more exact predictions regarding unsaturated soil situations, profiting researchers.
